11 Ratiometric reporter systems enable comparisons of the abundance of a protein of 12 interest, or "target," relative to a reference protein. Both proteins are encoded on a single 13 transcript but are separated during translation. This arrangement bypasses the potential 14 for discordant expression that can arise when the target and reference proteins are 15 encoded by separate genes. We generated a set of 18 Gateway-compatible vectors 16 termed pRATIO that combine a variety of promoters, fluorescent and bioluminescent 17 reporters, and 2A "self-cleaving" peptides. These constructs are easily modified to 18 produce additional combinations or introduce new reporter proteins. We found that 19 mScarlet-I provides the best signal-to-noise ratio among several fluorescent reporter 20 proteins during transient expression experiments in Nicotiana benthamiana. Firefly and 21 Gaussia luciferase also produce high signal-to-noise in N. benthamiana. As proof of 22
concept, we used this system to investigate whether degradation of the receptor KAI2 23 after karrikin treatment is influenced by its subcellular localization. KAI2 is normally found 24 in the cytoplasm and the nucleus of plant cells. In N. benthamiana, karrikin-induced 25 degradation of KAI2 was only observed when it was retained in the nucleus. These 26 vectors are tools to easily monitor in vivo the abundance of a protein that is transiently 27 expressed in plants, and will be particularly useful for investigating protein turnover in 28 response to different stimuli. Dynamic monitoring of protein abundance in vivo requires an easily detectable reporter 32 system. Translational fusions of fluorescent or bioluminescent proteins to a protein of 33 interest, here referred to as a "target," are commonly used for this purpose (Bronstein et 34 al., 1994; Wood, 1995; Genové et al., 2005) . Stable transformation of a host organism 35 with the target-encoding construct is typically carried out to produce a replicable and 36 relatively homogeneous reporter line, although genetic instability or gene silencing may 37 occur over subsequent generations (Vaucheret et al., 1998) . The local genetic context 38 (e.g. chromatin state or nearby enhancer elements) can influence the expression of a 39 transgene. Therefore, isolation of multiple homozygous transgenic lines is typically 40 required to identify one with consistent and readily detectable expression of the target. 41 For many experiments, the cost and time involved in developing many transgenic reporter 42 lines can discourage rapid progress. This can be resolved with transient transformation 43 and expression of a reporter construct, which in plant biology research is often carried out 44 in protoplasts or Nicotiana benthamiana (hereafter referred to as tobacco) leaves (Yang 45 et al., 2000; Wroblewski et al., 2005) . In transient expression experiments, a second 46 reporter protein that can function as a reference is useful to normalize for differences in 47 transformation efficiency or transgene expression across samples. 48 49 There are several ways to achieve a dual reporter system. Perhaps the most commonly 50 used approach is co-transformation of separate target-and reference-encoding plasmids 51 (Larrieu et al., 2015; De Sutter et al., 2005) . This does not guarantee that both constructs 52 enter each cell, or that they do so with consistent proportions. Differences in the size of 53 each plasmid may also impact their relative transformation efficiencies. An improvement 54 on this method is to encode the target and reference protein on the same plasmid with 55 each regulated by its own promoter and transcriptional termination sequence (Moyle et   56 al., 2017; Koo et al., 2007) . This can work well, but potential problems include the 57 increased plasmid size, the relative activity of the two promoters if they are different, and 58 recombination between promoters or terminators if they are identical. 59 3 Furthermore, the order in which the genes are expressed in the vector can influence their 60 expression levels (Halpin, 2005) . 61 
62
An attractive third option is to encode the target and reference protein on the same 63 transcript. This avoids variation in the relative expression of the target and reference 64 genes that may occur in different cell types or environmental conditions, as transcription 65 of both genes will be affected equally. Multicistronic gene expression can be achieved in 66 eukaryotes through incorporation of an internal ribosome entry site (IRES) or a sequence 67 encoding a 2A "self-cleaving" peptide between the target and reference genes. IRES 68 sequences produce a secondary structure in the mRNA that enables translation to occur 69 downstream (Urwin et al., 2000) . The efficiency of translation for proteins encoded 70 upstream and downstream of the IRES can vary widely depending on the IRES sequence 71 selected (Urwin et al., 2002) . Studies comparing the expression levels of two cDNA 72 sequences separated by an IRES have shown that genes cloned downstream of the IRES 73 were expressed at significantly lower levels (10 -50% of the upstream gene) (Mizuguchi 74 et al., 2000) . A second drawback of IRES sequences is that they are somewhat large, 75 typically ~500 to 600 bp. Because of this, 2A peptides have become a commonly used 76 alternative to produce multicistronic expression in eukaryotes. KAI2 occurs independently of MAX2 through a mechanism that is currently unknown. 139 Substitution of Ser95, one of the catalytic triad residues, with alanine renders KAI2 non-140 functional and also prevents its degradation in the presence of KAR2 (Waters et al., 2015) . 141 Potentially, KAI2 degradation could be used as the basis of an in vivo reporter for its 142 activation. Such a bioassay could be useful in attempts to identify KL through fractionation 143 of small molecule extracts from plants. Liu et al., 2017) . Therefore, to maximize target signal, we chose to encode the target 166 protein first. Expression of the multicistronic transcript is controlled by a single promoter 167 and nopaline synthase terminator (Tnos). We selected the 35Sp from cauliflower mosaic 168 virus, which is commonly used to drive strong expression of transgenes in plants. 169 However, 35Sp is not equally expressed across all tissue types and can be prone to 170 silencing (Elmayan and Vaucheret, 1996) . To achieve more uniform expression of the 171 ratiometric construct, several pRATIO vectors carry the UBIQUITIN 10 promoter The pRATIO vectors are designed to allow for independent exchange or dropout of any 180 vector element using unique restriction endonuclease sites ( Figure 1A ). This can be 181 accomplished through classical restriction enzyme-mediated subcloning techniques. 182 Alternatively, a digested pRATIO vector and an insert fragment that is bordered by 15-bp 183 sequences that match the vector ends can be assembled seamlessly with a commercially 184 available enzyme mix such as NEBuilder (New England Biolabs). To compare the effectiveness of F2A and *F2A, we cloned an Arabidopsis KAI2 cDNA 209 into pRATIO1112 and pRATIO1212. We then transiently expressed the constructs in The LP4 linker peptide was included to further improve cleavage efficiency through post-228 translational processing and also to remove the F2A peptide from the C-terminus of the 229 target. We noted that KAI2-mScarlet-I migrated at a slightly higher molecular weight when 230 *F2A was used compared to F2A ( Figure 2D ). This suggested that cleavage of LP4 might 231 not be occurring as anticipated. Therefore, we probed both samples with a monoclonal 232 antibody against 2A peptide. We found that KAI2-mScarlet-I had retained its 2A peptide All considered, *F2A did not appear to offer a clear advantage over F2A; the cleavage 237 efficiencies of these two peptides were similar and *F2A adds an extra 22 aa to the C-238 terminus of the target protein compared to F2A. However, we noted that the abundance 239 of target and reference proteins appeared to be higher in *F2A samples than F2A samples 240 ( Figure 2D) . A non-specific protein bound by the GFP antibody had approximately equal 241 9 abundance in F2A and *F2A samples. In contrast, target and reference proteins were 242 roughly 2-fold higher in the *F2A samples than in F2A samples ( Figure 2D , F). This 243 suggested that *F2A promotes more efficient translation of a polycistronic transcript than 244 F2A, and therefore may be a better choice for some applications. We used spectral scanning to identify excitation and emission wavelengths for each FP 279 that produced the strongest signal above background autofluorescence of tobacco 280 leaves. In some cases, these differed from the peak wavelengths identified from in vitro 281 studies of the FPs (Table S2 ). We performed tests with a KAI2 target protein to evaluate We synthesized coding sequences for LUC2, redLUC, and gLUC that were codon-320 optimized for expression in Arabidopsis thaliana and generated several pRATIO vectors 321 that incorporate these reporters. We tested pRATIO1231-KAI2 and pRATIO1267-KAI2, 322 which respectively use LUC2/mScarlet-I and redLUC/gLUC as target/reference reporters. 323 In comparison to FPs, firefly luciferase proteins expressed in tobacco leaves had a 324 substantially higher ratio of luminescence signal to background, due to substantially lower 325 background signals. gLUC also performed well, but had higher background signal, 326 possibly due to luciferase-independent decomposition of the coelenterazine substrate 327 ( Figure 3C ). Figure 4A ). This was consistent with the subcellular localization of KAI2 in Arabidopsis 337 (Sun and Ni, 2011) . After 12 h of treatment with 10 µM KAR2, we did not observe a decline 338 in the target to reference ratio for either KAI2 or kai2S95A ( Figure 4C ). We performed 339 similar tests with pRATIO3267, which uses a 35S promoter and redLUC/gLUC reporters. 340 Again, we did not observe a decline in the target to reference ratio after KAR2 treatment 341 with either KAI2 protein ( Figure 4D ). We found that Arabidopsis KAI2 was degraded in tobacco following KAR2 treatment, 389 demonstrating that this response is conserved between the two species (Figure 4 Limitations of the pRATIO system 397 We note three important limitations when using the pRATIO vectors. First, an appropriate 398 filter set is critical to maximize the signal and reduce spectral overlap between fluorescent 399 proteins (Tables S2, S3 ). We used spectral scanning to identify optimal excitation and 400 emission settings for each fluorophore in green leaves. However, when typical filter were grown in 10 ml LB broth with antibiotics overnight at 28°C and then pelleted at 2,500 549 xg for 10 min. Cells were then washed in 10 ml of infiltration medium (10 mM MES pH 
